INTRODUCTION
Parkinson's disease (PD) is one of the most prevalent neurodegenerative diseases, affecting 1% of the population aged 60 years and older and 3-5% of the population above the age of 85 [1] [2] [3] . The motor symptoms of PD are mainly caused by the progressive loss of dopamine (DA) neurons in the substantia nigra (SN), which leads to a disruption of the nigro-striatal neural circuitry and a dopaminergic depletion of the striatum [4, 5] . On the basis of the above pathological mechanism, extant treatments for PD seek to increase DA levels by using carbidopa to reduce DA degradation in the peripheral blood [6] , the DA agonist Levo-dopa to increase dopamine production [7] or deep brain stimulation to the nucleus subthalamicus [8] to increase dopaminergic functions.
Although current treatments do improve some symptoms of PD patients, their effects are transient. The long-term therapeutic effects of current treatments on PD are not satisfactory as the consequent side-effects were recognized [9] . Therefore, the search for more efficient and long-term effective treatment methods for PD is still ongoing. Of the new treatment strategies, cell-based therapy represents a promising therapeutic approach to replace the missing DA neurons and restore the motor function of PD patients. Experimental studies on rodent and non-human primate models for PD in the 1970s and 1980s showed that fetal brain-derived DA neurons could survive, re-innervate the striatum and release DA after grafted [10] [11] [12] [13] [14] . Following these early animal studies, various clinical trials have been done with the striatal implementation of human fetal DA neurons. Patients with human fetal ventral mesencephalon (VM) grafts have been shown to recover from rigidity and tremors to various degrees [15] [16] [17] [18] . Though the outcome of striatal implantation of human fetal DA neurons in a large group of PD patients was very promising, the positive results of these initial clinical trials sharply contrasted with the results of large double-blind controled NIH studies, which failed to show any significant benefit in PD patients up to 1 and 2 years after implantation of DA neurons [19] [20] [21] . Apart from human fetal DA neurons, several other sources for implantable human DA neurons have been explored. Notably, the induced pluripotent stem (iPS) cells generated from easily accessible somatic cells have provided an unprecedented novel autologous source for human DA neuron grafts [22] [23] [24] . The functionality of these in vitro generated human DA neurons after intrastriatal implantation have been recently studied in rodent and non-human primate models for PD. For example, human mesenchymal stromal cells (hMSCs) or human mesenchymal stem cells were reported to differentiate into different types of cells including DA neurons. As such, they are suitable for repairing the neural degeneration and traumatic damages of nerve system [25] [26] [27] . Even though the human mesenchymal stromal cells are often used as human mesenchymal stem cells in some studies, scientifically they are different. The mesenchymal stromal cells should be the plastic-adherent cells with multipotency whereas mesenchymal stem cells should be a subset of human mesenchymal stromal cells that that can generate fibroblast colonies (CFU-F) in vitro. Thus the mesenchymal stem cells account for a small fraction of mesenchymal stromal cells with stem cell activity [28] [29] [30] .
The hMSCs reside in all organs and tissues including bone marrow, muscle, brain, skin, dental pulp, adipose tissue, and umbilical cords. The bone marrowderived mesenchymal stem cells (BM-MSCs) were shown to differentiate into DA neurons and alleviate the motor deficits in PD rats [1, 31] . Similarly, human umbilical cord-derived mesenchymal stromal cells (hUC-MSCs) and human umbilical cord blood-derived mesenchymal stem cells (hUCB-MSCs) share most characteristics of BM-MSCs and could improve the behavior abnormalities in animal models of neurological diseases [32, 33] . In two of our recent studies, transplantation of human umbilical cord blood-derived mononuclear cells (hUCBMNCs) improved the clinical symptoms of patients with delayed encephalopathy after carbon monoxide intoxication and restored the functional defects in the 6-OHDA-lesioned rats [26, 34] . Here we examined the functionality of DA neurons differentiated from hUCMSCs in unilateral 6-OHDA lesioned rat model of PD. By taking advantage of a novel floor-plate (FP) human pluripotent stem cells (PSCs) differentiation protocol that faithfully recapitulates midbrain DA neuron development [3, 35] , we demonstrated a highly efficient DA neuronal conversion from hUC-MSCs by treating the hUC-MSCs with Noggin, SHH and FGF8 in early stage of cell differentiation and adding CHIR99021 in the middle stage of differentiation. Then we transplanted the hUCMSCs and the growth factor cocktail containing noggin, CHIR99021, SHH, FGF8, TGF-β, GDNF, and BDNF into the lesion side of the midbrain of 6-OHDA lesioned rats. The results of behavioral tests and immunofluorescent staining at different post-graft time points, plus the electrophysiological recording data, indicate a highly efficient DA neuronal conversion of hUC-MSCs in vitro and the functional recovery of the 6-OHDA lesioned PD rats.
RESULTS

The isolated human umbilical cells specifically express the surface markers of MSCs
The human umbilical cords were collected and cut into small clumps, which were first grown in human MSC culture medium (DMEM/F12, FBS, glutamine, NEAA and P/S) for 7-14 days. The cells of the clumps showed typical fibroblast morphology, similar to skin fibroblasts or BM-MSCs ( Figure 1A-1C ). These cells were passaged every week when they reach 90% confluence. Cells at passages 5-8 were subjected to flow cytometry analysis to detect the expression of cell surface antigens. All hUCMSCs highly expressed CD29 (99.9%), CD73 (93.4%) and CD90 (99.9%), all of which are the surface markers of MSCs. They also expressed monocyte marker CD16 at a lower level (3.6%). But, these cells showed only very low expression of CD34 (0.1%) and CD45 (0.4%), two markers of hematopoietic stem cell ( Figure 1D ).
Highly efficient DA neuronal conversion of hUCMSCs in vitro and in 6-OHDA lesioned rats
To increase conversion of hUC-MSCs to neurons and DA neurons, we have modified a previously reported protocol [3, 35] by treating the hUC-MSCs with Noggin, SHH and FGF8 in early stage of cell differentiation and adding CHIR99021 in the middle stage of differentiation as shown in Figure 2A . After being cultured for 21 days with the modified protocol, almost all the cells had the morphology of neural cells with apparent cell processes ( Figure 2B-2C ). Most expressed neuronal markers of Tuj1 (77.0 ± 2.1 %) or MAP2 (73.1 ± 2.9%); some were positive for TH (36.3 ± 1.8%) and DAT (34.6 ± 1.7%). In contrast, cells that were not treated with growth cocktail factors containing noggin, CHIR99021, SHH, FGF8, TGF-β, GDNF, and BDNF did not show similar neuronal markers ( Figure 2C-2D) . DA release was greatest at 14 and 21 days of culturing ( Figure 2E ). The patch-clamp analysis showed growth cocktail-induced hUC-MSCs have the electrophysiological profiles of DA neurons, which is different from that of control hUC-MSCs at spontaneous current and depolarizing current states ( Figure 2F ). These data indicated a highly efficient DA neuronal conversion of hUC-MSCs with the protocol used in this study.
The grafted hUC-MSCs progressively improved motor behaviors of 6-OHDA lesioned rats
Before transplantation, we examined if the 6-OHDA induced PD rats are depleted of the dopamine neurons and found that rats showed a dramatic loss of TH-positive neuronal fibers in SN of the lesion side compared to the intact side of the rats as previous reports four weeks after an unilateral intrastriatal injection of 6-OHDA [24, 36] .
According to the previous studies using bone marrow MSCs for the treatment of PD, in the first transplantation experiment, we transplanted the hUC-MSCs to ten 6-OHDA lesioned rats (MSC group) and injected PBS with BDNF, GDNF to eight rats (control group) and followed 16 weeks to measure the motor behaviors of the rats. Of note two rats with transplanted hUC-MSCs died in the early time and were excluded from the experiment. The transplanted hUC-MSCs did improve the locomotive defects of the rats, but these grafted hUC-MSCs rarely differentiated to the dopamine neurons (data was not shown).
In the second transplantation experiment, twenty four 6-OHDA lesioned rats were chosen for cell transplantation, eight of which were transplanted with hUC-MSCs and the growth cocktail into the lesioned side of striatum, eight of which were infused with the growth cocktail dissolved in PBS, while the remained eight rats were infused with PBS, BDNF and GDNF as the control group. Turning-over and rotation-rod tests were performed for all the four study groups at 4, 8, 12 and 16 weeks after transplantation. The 6-OHDA lesioned rats showed a high frequency of turning over after a subcutaneously injection of apomorphine (0.25mg/ml). Two-way ANOVA revealed a significant difference [F (8, 75) =34.5, p < 0.0001] between the cell transplantation and recovery time after transplantation with respect to the apomorphine-induced turning-over ( Figure 3A ), indicating that the transplanted cells did improve this motor behavior of 6-OHDA lesioned rats and that the improvement effect was increased over time during the recovery period. In addition, the 6-OHDA lesioned rats showed a dramatic decrease in the latency to fall from a rotating rod compared to rats in Control and Growth factor groups. Two-way ANOVA revealed a significant interaction [F (8, 40) = 16.7, p < 0.0001] between the cell transplantation and recovery time after transplantation with respect to this measurement ( Figure 3B ), indicating that the transplanted cells did improve this motor behavior of 6-OHDA lesioned rats and that the improvement effect increased over time during the recovery period by Turkey`s post hoc analysis [Control vs Growth factor (4-week,8-week), p < 0.05; Control vs Growth factor (12-week, 16-week), p > 0.05; hUC-MSC+Growth factor vs Growth factor (4-week), p > 0.05; hUC-MSC +Growth factor vs Growth factor(8-week), p < 0.01; hUC-MSC +Growth factor vs Growth factor (12-week, 16-week), p < 0.0001]; hUC-MSC +Growth factor vs hUC-MSC control (4-week, 8 week), p > 0.05; hUC-MSC +Growth factor vs hUC-MSC control (12 week), p < 0.05; hUC-MSC +Growth factor vs hUC-MSC control (16 week), p < 0.0001. These results indicated that transplantation of hUC-MSC+Growth factor significantly improved the motor deficits of the 6-OHDA lesioned rats compared to transplantation of hUC-MSC control, Growth factor and the control respectively.
The persistent and high survival rate of hUCMSCs and differentiated DA neurons in the lesioned SN of 6-OHDA lesioned rats
We transplanted the undifferentiated hUC-MSCs, plus the growth factor cocktail, into the 6-OHDA lesioned striatum of rats. We examined whether the transplanted hUC-MSCs survived and differentiated into neurons and DA neurons in the 6-OHDA lesioned rats. Sixteen weeks after hUC-MSCs transplantation, most of grafted cells were positively labeled by the antibody to Tuj1, indicating a highly efficient neuronal conversion of the transplanted cells in vivo ( Figure 4A ). More importantly, nearly half (about 44%) of the Tuj1 neurons co-expressed TH, the specific marker of DA neurons ( Figure 4A-4D ). To rule out the possibility that the surviving cells were from the host rat brain, a human specific antibody (HNuc) was used to label the grafted cells. It was shown that a considerable percent of the HNuc-positive cells were also TH-positive, confirming that the TH-positive cells were mainly from transplanted human hUC-MSCs ( Figure  4B-4D) . Interestingly, the number of GFAP-positive cells was more than that of the HNuc-positive cells in the lesion site of the striatum (Figure 4C-4D ). Confocal microscope images further confirmed the co-immunostaining of the Tuj1 and TH, TH and HNuc, GFAP and HNuc ( Figure 4E-4G) .
To understand the dopamine neuron differentiation ability of grafted hUC-MSCs with growth cocktail in different time points, the 6-OHDA lesioned rats were sacrificed at indicated time points (4, 8, 12 and 16 weeks) after transplantation. The numbers of HNuc remained at comparable levels across the first three time points while that at the last time point (16 weeks after transplantation) showed a slight but significant decrease. Similarly, numbers of TH-positive neurons co-labeled with HNuc were comparable at all time points except for the last time point, at which TH-positive neurons derived from transplanted cells decreased significantly ( Figure 5 ). Since the grafted cells are clustered in the rat brains, the morphologies of these cells seem to be blurring. However some grafted cells at the time point of 16 weeks did have the neurites or processes as indicated by white arrows at the bottom of Figure 5 .
The hUC-MSCs derived neurons in 6-OHDA lesioned rats show typical electro-physiological recordings of DA neurons
To further examine if the differentiated DA neurons from hUC-MSCs could function as typical DA neurons, cell patch-clamp test was performed to record the action potentials of the DA neurons from rats sacrificed at 16 weeks after the transplantation. We had tried to label the hUC-MSCs with lentiviral plasmids to express GFP, but our GFP-labeled cells lose the fluorescence in 2 weeks as we reported in our previous study. Then we decide to transplant the un-labeled hUC-MSCs. Even though the transplanted hUC-MSCs were not labeled with GFP or other fluorescence protein, most of the transplanted hUCMSCs in rat brain are clustered as we saw in Figure 3 . Thus on brain slices, transplanted cells have clear edges with the host cells and can be identified from the host cells under the microscopy. Based on the morphologies of the transplanted cells, we picked several cells (hUC-MSC-induced dopamine neuron-like cells) to do the patch-clamp analysis. As shown in Figure 6 , a characteristic Ih voltage sag and spontaneous rebound spiking activity of a neuron were current-clamped at -60 mV, followed by a 5-s, -200-pA current injection. The The frequency of apomorphine-induced rotations (turning-over) was significantly reduced in rats with transplanted hUC-MSCs+growth factor cocktail compared to control rats (PBS injection), growth factor rats (cocktail injection) and the transplanted hUC-MSCs (MSC control) at the indicated time points during the post-grafting period. The frequency of apomorphine-induced rotations is significantly reduced in rats with transplanted hUC-MSCs+growth factor cocktail compared to Control group ( * , P < 0.01; ** , P < 0.0001) Growth factor group (▲, P < 0.01; ▲▲, P < 0.0001) and the MSC control (■, P < 0.01; ■■, P < 0.0001) at 8, 12 and 16 weeks after transplantation. Shown here are the average ratios of turning-over in 30 minutes after apomorphine injection over their standard deviations. (B) The rotation-rod test showed that the average latency for a rat to fall from a rotating rod in the group of transplanted hUC-MSCs+growth factor cocktail increased progressively at the indicated time points during the post-grafting period, and significantly longer than that of Control rats ( * , P < 0.01; ** , P < 0.0001), Growth factor rats (▲, P < 0.01; ▲▲, P < 0.0001) and MSC control (■, P < 0.01; ■■, P < 0.0001). Data were expressed as mean ± SD. N = 8.
slow 
DISCUSSION
In the present study we isolated hUC-MSCs from human umbilical cords and induced their neuronal differentiation by the addition of the growth factor cocktail containing Noggin, CHIR99021, SHH, FGF8, TGF-β, GDNF, and BDNF. The hUC-MSCs highly expressed CD90 and CD73, similar to the expression of these surface markers by BM-MSCs which have been shown to differentiate into DA neurons and alleviate the motor deficits in PD rats [1, 31] . Moreover, the growth cocktail used in this study efficiently induced neuronal differentiation and DA neuronal conversion from hUCMSCs. Specifically, 77% of hUC-MSCs derived cells were Tuj1 positive; 73% of them were MAP2 positive. 36% of hUC-MSCs derived cells were differentiated into TH positive neurons (Figure 2 ). This number is higher than those reported in previous studies. Examples include a study by Hargus et al [37] , who reported that 5-10% of the total number of differentiated cells derived from iPS cells. Rhee et al [38] reported that 50-60% of all differentiated cells were Tuj1 positive, of which 35-45% were TH positive, lower than the differentiation ratio reported in this study. More importantly, the grafted hUC-MSCs showed high neuronal differentiation in the 6-OHDA lesioned rats, as evidenced by the findings that 56% of all differentiated cells were Tuj1 positive, and 36% were TH positive (Figure 4) . These results provided supporting evidence for the application of the growth factor cocktail protocol in the transplantation of hUC-MSCs in 6-OHDA lesioned rats, a commonly accepted animal model of PD.
The importance and advantage of the combination of hUC-MSCs and the growth cocktail can be also recognized by comparing the results of this study with other studies with BM-MSCs, most of which added SHH and FGF8 in the middle and late stages of neural induction for a period of 14 or 21 days. Only a few percentage of DA neurons were produced from BM-MSCs in these previous studies [39, 40] . Although the mechanisms for the different ratios of neuronal differentiation between this study and previous ones were not specifically addressed in this study, the following details may be relevant: firstly, we used the BMP inhibitor noggin to inhibit the SMAD signaling inspired by the previous report that the inactivation of BMP signaling pathway was able to induce neural conversion in early progenitor stage [35] ; secondly, we added CHIR99021 in middle stage of dopaminergic induction to activate the Wnt signaling of the cell fate and increase the production of midbrain progenitors as reported previously [41, 42] ; thirdly, we also added SHH and FGF8 to the induction medium. The combination of Noggin, CHIR99021, SHH and FGF8 may efficiently promote the hUC-MSCs to convert into neurons and DA neurons.
The second significant finding of this study is that most of the transplanted hUC-MSCs and DA neurons differentiated from these grafted cells survive during the 16 weeks post grafting (up to 30%, Figure 4 ). This is in contrast to the very low percentages of surviving DA neurons (from 0% to 1.1%, and 5-10%) reported in previous studies [37, 38, 43] . These previous studies executed transplantation at the late stage of terminal differentiation whereas we transplanted hUC-MSCs at the early stage of dopaminergic differentiation when the neural precursor cells are the predominant part [43] . Such grafted neural precursor cells already destined towards a VM DA neuron fate but could still proliferate before final differentiation into mature DA neurons in situ and give rise to a much larger number of TH positive cells as reported in other studies [3, 38, 41] .
The transplanted hUC-MSCs and DA neurons differentiated from them progressively improved the motor behaviors of 6-OHDA lesioned rats as evidenced by decreases in the apomorphine-induced turning-over and increases in the latency to fall from a rota-rod. This finding is of clinical relevance and holds a great promise for future clinical applications. In support of this claim, the electrophysiological recordings indicated that the differentiated DA neurons in the 6-OHDA lesioned rats seems to play some function as the mature DA neurons in the brain, as evidenced by a characteristic Ih voltage sag and spontaneous rebound spiking activity of a neuron current-clamped at -60 mV, as well as the representative electrode recordings of DA overflow in response to 10-s stimulation with 50-mM K+ in hUC-MSC striatal slices. These electrophysiological characteristics of DA neurons are unlikely produced from the host brain neurons as no action potentials were recorded in the 6-OHDA lesioned sites of rats with infusion of PBS only. Importantly, the improvement of motor function in group of transplanted hUC-MSC with growth factor cocktail is significantly higher than that of the hUC-MSC control, or growth factor group or PBS control group after 8 weeks of transplantation, suggesting growth factor cocktail increased the neuronal and dopamine neuron differentiation of hUC-MSC and the functional connections between the grafted cells and the host neurons.
Recent studies have showed the human somatic cells were able to reprogrammed to induced pluripotent stem cells (iPS Cells) or somatic fibroblast cells were directly reprogrammed to neural stem cells or neurons [22, 24, 44, 45] . Thus even though the MSCs are mesoderm lineage cells, they were definitely able to be induced to epidermal lineage cells such as the neurons. MSCs have been reported to be induced to dopamine neuron-like cells in several studies [46] [47] [48] . Some studies suggested the molecular mechanisms are through the epigenetic modifications such as inhibition of glycogen synthase kinase-3β and SMAD signaling [49] . In our study we did not transfer any genes into the hUC-MSC cells to induce their conversion to dopamine neurons, thus the mechanism is most possibly through epigenetic reprogramming of the components of the cocktail such as the inhibition of the SMAD signaling by noggin and the activation of the Wnt signaling by CHIR99021 as indicated by Studer [35] . We have not investigated the epigenetic mechanisms through which hUC-MSCs were induced to dopamine neuron-like cells in this study, but we will explore the mechanisms of this conversion in detail in the next studies.
In summary, isolated human umbilical cells specifically expressed the surface markers of MSCs and showed a high efficient DA neuronal conversion in vitro with addition of the growth factor cocktail containing noggin, CHIR99021, SHH, FGF8, TGFβ, GDNF, and BDNF. In combination with the growth cocktail, grafted hUC-MSCs also showed a high efficient DA neuronal conversion in the midbrain of 6-OHDA lesioned rats. Both the grafted hUC-MSCs and the differentiated TH-positive neurons survived and displayed the same electrophysiological profile as DA neurons in vivo. More importantly, rats with transplanted hUC-MSCs showed progressive improvements on motor behavioral abnormalities induced by 6-OHDA during the up to 16 weeks post-grafting period. These results demonstrated the efficacy and usefulness of the growth cocktail in combination with hUC-MSCs transplantation in 6-OHDA lesioned rats and provided a promising cell-based therapy for the treatment of PD and other neurodegenerative diseases.
MATERIALS AND METHODS
Human samples and ethics statement
Human umbilical cords or hUC-MSCs preparation were obtained from healthy full-term newborns immediately after delivery, and this was performed in accordance with the Declaration of Helsinki and approved by the ethical guidelines of the Institutional Review Board at Liaocheng University/The Liaocheng People's Hospital, China. Informed consent forms were completed and signed by donor mothers before umbilical cords were collected.
Isolation, culturing and flow cytometry analysis of hUC-MSCs
Isolation and culture of hUC-MSCs was performed as described previously [32] . The isolated hUC-MSCs Oncotarget s11 www.impactjournals.com/oncotarget were cultured in human MSC culture medium and analyzed with a FACS Calibur flow cytometry (BD Biosciences, San Jose, CA, USA). A standard procedure was performed to characterize the hUC-MSCs through the cell surface markers of CD16, CD29, CD45, CD73, CD90 and CD34 [24] . These antibodies were fluoresced in isothiocyanate (FITC)-conjugated anti-human CD16, and CD90, R-phycoerythrin (PE)-conjugated anti-human CD29, CD45, CD34, and CD73 (BD Biosciences).
Neural induction of hUC-MSCs
We modified a recently reported protocol [35, 39] to generate DA neurons from hUC-MSCs. In the stage one, hUC-MSCs were plated in 6-well plates pre-coated with poly-L-ornithine and Laminin (Sigma-Aldrich) at 1×10 5 cells/well and cultured in DMEM/F12, N2, P/S, FGF-2(10 ng/mL), SHH (100 ng/mL), Noggin (250 ng/ mL, (R&D Systems, Inc. Minneapolis, MN, USA)), FGF8 and EGF (10 ng/mL) for 7 days. In the stage two, cells were switched to the medium containing DMEM/F12, N2, P/S, SHH (100 ng/mL) (R&D Systems, Inc. Minneapolis, MN, USA), FGF-8 (10 ng/mL, PeproTech, Inc, NJ, USA), CHIR99021 (R&D Systems, Inc. Minneapolis, MN, USA), and 200 mM AAP (Sigma) for another 7 days. In the stage three, medium was changed to DMEM/F12, N2, P/S, 50 ng/mL glial-derived neurotrophic factor (GDNF), BDNF (50 ng/mL) (R&D Systems), TGF-β and 200 mM AAP. Cells differentiated for 4-5 weeks and then were fixed for immunocytochemical characterization. DMEM/ F12, N2, P/S, FGF2, EGF are from Invitrogen (USA).
6-OHDA-lesioned rat model of PD
All animal experiments were carried out in accordance with local ethical guidelines and with the approval of the Animal Care and Use Committee of Liaocheng University/ The Liaocheng People's Hospital, China.
Sprague-Dawley male rats (200 -250 gram) were anesthetized with 5% isoflurane mixed in oxygen. The rats were fixed in a KOPF stereotaxic frame (David, Kopf Instruments, Tujunga, CA, USA), and 4 μl 6-OHDA (4 μg/ μl, H4381; Sigma-Aldrich) dissolved in PBS with ascorbic acid (0.2 mg/mL) was injected into the right substantia nigra of the rat midbrain at the anterior-posterior (AP) location, -2.0 mm, lateral (L), +2.5 mm, vertical (V), -7.8 mm from the bregma. The injection was administered within 4 minutes at a rate of 1 μl/minute and the needle of the Hamilton syringe was kept for 10 minutes following the last deposit to prevent back filling along the injection tract. The animals were allowed to recover after surgery and kept in the animal house.
Cell transplantation
The differentiated hUC-MSCs were collected and dissociated to single cells with TrypLE. In order to increase DA neuron differentiation of transplanted hUC-MSCs, we added growth factor cocktail (in PBS) to resuspend cells. This growth cocktail contains noggin, CHIR99021, SHH, FGF8, TGFβ, GDNF, and BDNF as used for DA neuron induction in vitro. The freshly isolated hUC-MSCs were diluted in PBS with this growth factor cocktail to yield a cell concentration of 1×10 5 cells per microliter. Five microliters of cell suspension with growth factor cocktail (hUC-MSCs+ growth factor) or cell suspension in PBS (hUC-MSCs) or growth cocktail in PBS (growth factor) or PBS only (Control) was transplanted into the striatum (AP = +0.7 mm, L= +3 mm, V = -5 mm) of the anesthetized PD model rats 4 weeks after 6-OHDA lesion using a Hamilton syringe (0.3-0.5 mm in diameter) over a period of 5-10 minutes. To minimize immune rejection of the transplanted cells, immunosuppressive agent of cyclosporine A (10 mg/kg; Sigma) was injected (i.p.) 24 hours before transplantation and daily afterwards until the rats were sacrificed.
Behavioral tests
Apomorphine-induced rotation was carried out in a plastic bowl to record the turning-over of the rats 3 minutes after a subcutaneously injection of apomorphine (0.25 mg/ml; Sigma; dissolved in PBS with ascorbic acid). The number of complete (360°) turns in a 30-minute period was counted. The same test was done before transplantation and at indicated time points (4, 8, 12 , and 16 weeks) after transplantation. In the first test (before cell transplantation), animals with more than 200 asymmetric rotations in 30 minutes in response to apomorphine 4 weeks after 6-OHDA injection were used as recipients for cell transplantation.
Rotarod test was performed to record the latency time to fall from a rotating rod which was scored automatically in a rotarod system (Columbus Instruments, Columbus, USA). The rats were put on the rotarod which is spinning at low speed (2-4 rotation per minute) to train the rats. After 3-4 trials on the spinning rod at low speed, the rats were tested for the latency to fall (duration time) at a rotarod speed of 9 rotations per minute. Motor coordination of rats was evaluated by comparing the latency to fall over time on the very first trial.
Electrophysiological recordings
Electrophysiological properties of the hUCMSCs-derived DA neurons in vitro were examined using whole-cell patch-clamp recording techniques (Axon Instruments, UAS) [50] [51] [52] . The glass electrode were filled with intracellular solutions containing (in mM) KCl 140 or K-gluconate 140, Na+-HEPES 10, BAPTA 10, and Mg2+-ATP 4 (pH 7.2, 290 mosm). Streptavidin-Alex Fluor 488 (1:1,000, Molecular Probes) was added to the recording solution. The bath solution contained (in mM) NaCl 127, KH2PO4 1.2, KCl 1.9, NaHCO3 26, CaCl2 2.2, MgSO4 1.4, and glucose 10 and 95% O2/5% CO2 (pH 7.3; 300 mosm). The glass electrode resistance was typically 1-5 MΩ and was compensated by 80%-90% using amplifier circuitry. Voltages were corrected and action potentials (APs) were examined in current-clamp mode. Spontaneous excitatory and inhibitory synaptic currents were characterized in voltage-clamp mode using K-gluconate based pipette solution by giving -40mV voltage limit. For brain slices in vivo experiment, electrochemical amperometric current (Iamp) was performed as previously described [51, 52] . Rats were anesthetized with trichloroacetaldehyde hydrate and then transcardially perfused with ~50 mL ice-cold aCSF (artificial cerebral spinal fluid) containing (in mM) 126 NaCl, 3 KCl, 1.25 NaH2PO4, 24 NaHCO3, 2 MgSO 4 , 2 CaCl 2 and 10 Glucose and saturated with 95% O2 and 5% CO 2 . The brain was rapidly removed and cut into horizontal slices (350 μm thick) in the same aCSF. The slices were maintained at a temperature of 25°C and were allowed to equilibrate in this medium for 1 hour prior to recording. Both channels of an Axoprobe 1A amplifier (Axon Instruments, Union City, CA, USA) were employed for amperometric recordings, which were made using glass microelectrodes containing aCSF (resistance 4-6 MΩ). DA overflow was evoked by perfusion with 50 mM K+ for 10 s and recorded by glass microelectrodes in the recording aCSF at room temperature. Amperometric signals were calibrated offline according to the standard curve of DA at 0.1, 1, 3 and 5 μM in the aCSF. All amperometric recordings are expressed as both amperometric current (Iamp) and DA overflow concentration [DA].
Immunocytochemistry and immunofluorescent staining
For immunocytochemistry, differentiated cells were fixed in 4% paraformaldehyde (PFA) in PBS for 20 minutes at room temperature. After washing with PBS, the cells were incubated in a blocking buffer (5% goat serum, 5% donkey serum and 0.2% triton X-100 in PBS) for 45 minutes at room temperature, and were then incubated with primary antibodies. For immunofluoresent staining, after perfused with 4% PFA, the whole rat brain was removed and post-fixed in the same fixative for 24 hours. Subsequently brain samples were cryoprotected in 30% sucrose for 24-48 hours, embedded in Tissue-Tek OTC (Sakura Finetek, USA, Inc., Torrance, CA) and sectioned into 20 μm thickness sections using a cryostat (Leika CM1950, Germany). One of every five brain sections containing SN was collected for immunofluorescent staining. The employed primary antibodies included: the human nucleous antibody (HNuc, mouse monoclonal, 1:500, Millipore), neuronal marker (Tuj1 and MAP2, mouse monoclonal, 1:500, Sigma), DA neuron marker (TH, rabbit polyclonal, 1:250, Pel-reez), DAT (rabbit polyclonal,1:250, Sigma Aldrich), or astrocyte marker (GFAP, rabbit polyclonal 1:250, Dako). After incubation with a primary antibody at 4°C overnight, sections were rinsed with PBS, then incubated with the fluorescencelabeled secondary antibody of Alexa Fluor 488-goat anti-mouse or Cy3-goat anti-rabbit (1:1000, Jackson Laboratories) for 3-4 hours, followed by incubation with Hoechest 33528 (1:10000, Sigma) for 2-5 minutes. All images were optimized by using a fluorescence microscope (Nikon Ti, Nikon Corporation, Tokyo, Japan) or a laser scanning con-focal microscope (Olympus Corporation, Tokyo, Japan).
Image analysis
All immunofluorescent staining of differentiated cells and brain sections were analyzed using the software Image J (1.48 version, NIH, USA). For immunofluorescent staining of differentiated cells, the data of each measurement was averaged from 5 images taken at 100 X under identical conditions. With respect to the immunofluorescent staining of brain sections, measurements were made on three brain sections of each animal of five animals in a group. The parameters include the percentage of specifically labeled cells over the total number of nuclei (in immunocytochemistry characterization of differentiated cells) and the number of TH-positive cells per section (in immunofluorescent staining of brain section).
Detection of the dopamine secretion
The dopamine content was detected by DA ELISA Kit (E-EL-0046c, Elabscience, China). According the manufacturer's instructions, cell culture medium was collected, and centrifuged at 1000g at 2-8°C. Clear supernatant was pooled and OD value was measured immediately under the microplate reader at 450 nm. The content of DA in the samples was then determined by comparing the OD of the samples to the standard curve.
Statistical analysis
Data is expressed as mean ± sd and analyzed by two-way ANOVA (for behavioral data), one-way ANOVA (data of cell differentiation and TH-positive cells at postgraft time points), significant effects were then performed with the Turkey's post hoc multiple comparison test using GraphPad Prism 6. In all cases, differences were considered statistically significant at p < 0.05.
Abbreviations
PD: Parkinson's disease; DA: dopamine; hUC-MSCs: human umbilical cord mesenchymal stromal cells; VM: ventral mesencephalon; 6-OHDA: 6-hydroxydopamine; NSCs: neural stem cells; hESCs: human embryonic stem cells; BM-MSCs: bone marrowderived mesenchymal stem cells; PBS: phosphatebuffered saline; FBS: fetal bovine serum; FGF8: fibroblast growth factor 8; SHH: sonic hedgehog; GDNF: glial cell line-derived neurotrophic factor; BDNF: brainderived neurotrophic factor; MAP2: micro-tubule associated protein 2; GFAP: glial fibrillary acid protein; EGF: epidermal growth factor; FP: floor-plate; PFA: paraformaldehyde; SN: substance nigra; TH: tyrosine hydroxylase; HNuc: human nuclear antigen; iPSCs: induced pluripotent stem cells. 
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